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6.  RAMJET  FUEL  SYSTEMS 

by 

W.  Garten,  Jr.  and  G.  B.  Swartz 
6.1  INTRODUCTION 

The  ramjet-fuel  system  comprises  those  elements  of  the 
ramjet  power  plant  necessary  for  the  delivery  of  fuel  into  the 
engine  air  stream  in  the  quantity  necessary  to  maintain  the  en- 
gine thrust  required  for  missile  flight.  Since  ramjet  engines 
under  development  thus  far  have  used  liquid-hydrocarbon  fuels 
almost  exclusively,  this  chapter  will  be  restricted  to  this 
type  of  fuel. 

The  thrust  level  of  an  engine  may  be  controlled  by  vary- 
ing one  of  two  factors,  the  fuel  flow  or  the  air  flow.  The  ad- 
justment of  the  fuel  flow  affords  the  simplest  means  for  ac- 
complishing this  operation.  Variation  of  the  air  flow  provides 
an  alternate  means  for  such  adjustment  but  is  undesirable  be- 
cause of  the  massiveness  of  the  devices,  required. 

Generally  liquid-fuel  systems  must  provide  storage,  pres- 
sure, flow-control,  and  distribution  of  the  fuel  into  the  air 
stream  at  the  points  of  Injection.  Although  conventional  engi- 
neering techniques  already  exist  for  the  design  of  an  adequate 
fuel  system,  a proper  understanding  of  the  boundary  conditions 
peculiar  to  the  ramjet  power'  plant  are  necessary  for  making  the 
proper  choice  among  these  techniques.  This  discussion  of  ram- 
jet-fuel systems  will  draw  principally  from  the  experience 
gathered  in  designing  fuel  systems  for  missiles  where  high  ma- 
neuverability and  rapid  change  of  maneuver  are  required.  An 
effort  will  be  made,  however  , to  distinguish  between  the  pe- 
culiar needs  of  a particular  missile  and  the  general  ramjet 
requirements . 
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Techniques  best  adapted  to  Mach  numbers  over  the  range 
1.5  to  3.0  are  given  in  this  chapter  since  this  is  the  most 
useful  Mach  number  range  for  the  ramjet.  The  special  environ- 
mental conditions  imposed  on  the  fuel  system  as  a necessary 
part  of  flight  in  this  Mach  number  region  are  basic  to  the  de- 
sign of  the  system.  An  effort  is  made  here  to  set  forth  the 
major  components  of  this  environment. 

The  ramjet  engine  usually  attains  the  high  Mach  number 
flight  regime  with  the  aid  of  a rocket  booster.  If  the  boost 
time  is  less  than  five  seconds  the  fuel  system  is  under  a high 
acceleration  load  for  this  period.  If  the  boost  time  is  ap- 
preciably greater  than  five  seconds  it  may  prove  profitable  to 
have  the  ramjet  engine  supplement  the  thrust  of  tbo  rocket  dur- 
ing the  latter  portion  of  the  boost  period.  This  will  require 
the  iuel-control  system  to  function  under  the  rocket -accelera- 
tion load.  In  either  c se  the  fuel  system  must  be  capable  of 
providing  a flow  of  fuel  for  full  engine  thrust  a few  tenths 
of  a second  after  booster  separation  as  the  economics  of  boost- 
er design  dictate  that  waste  of  boost  velocity  be  held  to  a 
minimum.  In  cases  where  the  booster  rocket  plugs  up  the  duct 
exit  until  separation,  a sudden  drop  in  duct  pressure  at  sepa- 
ration is  followed  by  an  abrupt  rise  when  burning  starts.  The 
flow  control  and  fuel  pressurizing  equipment  must  maintain 
proper  fuel  flow  in  spite  of  these  changes  in  system-pressure 
drop  (from  pump  outlet  to  injector) . 

Other  problems  are  also  encountered  as  a result  of  oper- 
ation in  this  flight  regime.  For  example,  a further  require- 
ment upon  the  fuel  system  is  that  the  feedback  of  duct-pressure 
oscillations  through  injector-outlet  pressure  or  structural  vi- 
bration must  not  be  allowed  to  set  up  regenerative  oscillations 
in  the  fuel  flow.  Operation  at  high  Mach  numbers  means  that 
the  missile  is  immersed  in  air  at  high  temperatures  and  under 
conditions  productive  of  high  convective  heat  transfer.  Addi- 
tional problems  are  introduced  as  a result  of  climb  to  high 
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* altitudes  and  possible  variability  of  thrust  and  speed.  These 

factors  lead  to  wide  ranges  of  flow  over  which  the  fuel  systeji 
must  be  operable  with  corresponding  complications  in  respect 
to  accuracy  and  stability  of  control. 

In  addition  to  boost-phase  acceleration,  proper  fuel- 
system  design  must  take  into  account  possible  xoll,  lateral 
acceleration,  and  vibration  of  the  missile  airframe.  Roll  ve- 
locities of  several  revolutions  per  second,  roll  acceleration 
of  500°/sec^,  lateral  maneuver  of  over  10  ”g" , and  vibration 
of  several  "g”  up  to  1000  cycles  per  second  are  possible  in 

' missile  application.  Pore  and  aft  acceleration  of  a few  “g" 

maximum  during  flight  must  also  be  considered,  especially  in 
regard  to  fuel-control  stability.  Another  significant  design 
factor  is  the  change  in  the  missile  center  of  gravity  as  fuel 
is  consumed . 

In  addition  to  the  physical  environmont , the  fuel-system 
design  should  include  a number  of  other  factors,  a few  of  which 
are  discussed  here.  The  general  high  performance  required  of 
missiles  (partly  due  to  the  high  energy  expenditure  required 
to  achieve  and  sustain  supersonic  flight  speed)  dictates  that 
weight  and  space  requirements  of  components  be  held  to  a mini- 
mum. This  condition  makes  it  necessary  to  consider  the  inter- 
relation of  fuel-system  and  over-all  design  and  emphasizes 
that  a high  degree  of  over-all  integration  is  needed  for  ef- 
ficient  missile  design.  Eellablllty  and  ease  of  testing  ex- 
presses  another  prime  need  in  a missile-fuel  system.  Once  the 
system  has  been  factory  tested  the  probability  of  malperform- 
ance  should  be  exceedingly  small.  This  can  be  assured  only 
through  proper  design.  In  this  connection,  one  factor  which 
lessens  the  difficulty  of  achieving  a satisfactory  design  is 
the  short  operating  lifetime  of  the  missile  components.  Im- 
provement in  the  design  is  facilitated  if  provision  is  made 
for  simplified  testing  after  shipment  from  the  factory. 
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A further  general  consideration  necessary  to  proper 
raiujet-engine  development  concerns  the  role  which  the  fuel  sys- 
tem plays  in  such  development.  While  steady  progress  is  being 
made  toward  making  the  design  of  combustors  and  diffusers  an 
exact  science  there  remains  a certain  amount  of  art  in  the  de- 
sign of  each  of  these  engine  components.  Further,  the  testing 
of  these  engine  components  is  a costly  operation.  In  order  to 
proceed  with  airframe  design,  it  is  necessary  to  specify  the 
diffuser  and,  to  a lesser  extent,  the  combustor  at  an  early 
stage  in  the  engine  program.  The  fuel  system  must  therefore 
adjust  to  the  detailed  performance  of  these  components,  as  lat- 
er determined.  In  order  to  secure  optimum  engine  performance. 
Sufficient  flexibility  must  be  provided  in  the  functional  rela- 
tion between  fuel  flow  and  speed  and  atmospheric  conditions  of 
flight  to  permit  adjustment  at  a late  stage  in  engine  develop- 
ment . 

This  general  discussion  of  boundary  conditions  perti- 
nent to  the  design  of  ramjet  fuel-system  components  is  meant 
to  supply  a framework  within  which  the  problems  peculiar  to 
each  component  of  such  a system  may  be  discussed.  Since  de- 
tailed design  of  most  of  the  components  is  simple  once  the 
pertinent  boundary  conditions  are  properly  understood,  this 
exposition  will  not  treat  these  components  beyond  a qualita- 
tive discussion  of  the  applicable  boundary  conditions  except 
in  the  case  of  the  fuel-flow  control. 
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6 . 2 FUEL  TANKS 

The  basic  fuel-tank  configuration  is  principally  deter- 
mined by  general  aix frame-design  requirements  and  by  the  effect 
on  aerodynamic  perf ormancs  of  missile  center-of-gravity  changes 
resulting  from  expenditure  of  fuel.  Fuel-system  needs  can  usu- 
ally be  satisfied  by  special  provisions  within  the  framework  of 
this  basic  specification.  Two  simple  fuel-tank  conf igui’ations 
which  can  serve  as  illustrations  are  shown  in  Fig.  6.2-1.  Fig- 
ure 6.2-l(a)  shows  a cylindrical  tank  using  a pressurizing  ^ s 
between  the  tank  shell  and  a plastic  fuel  bladder.  The  bladder 
contains  the  fuel  and  a central  outlet  tube.  In  Fig.  6.2-l(b) 
is  shown  an  annular  tank  design  with  a plastic  bladder  immersed 
in  the  fuel.  The  bladder  is  inflated  with  a pressurizing  gas. 

As  shown  in  this  cross-sectional  view  of  the  tank,  two  sectors 
of  the  annular  region  are  used  to  permit  simple  installation 
and  attachment  of  the  fuel  bladder.  The  latter  arrangement 
also  requires  a system  of  perforated  ducting  strips  laid  on 
the  inner  tank  body  to  insure  against  momentary  interruption 
of  flow  from  a partially  filled  tank.  All  of  this  rigid  duct- 
ing represents  volume  of  fuel  which  must  be  carried  but  is  not 
available  to  the  engine.  Bladder  and  tank  design  must  take 
proper  account  of  loads  developed  under  boost  acceleration, 
lateral  maneuver,  and  roll. 

In  these  configurations  a plastic  bladder  is  used  to 
separate  the  fuel  from  a pressurizing  gas.  This  method  of  con- 
struction is  dictated  by  a combination  of  the  following  factors: 
(a)  high  accelerations  which  could  isolate  the  fuel  from  the 
outlet,  (b)  flight  at  high  altitudes  where  air,  which  was  ab- 
sorbed when  the  fuel  was  originally  stored  at  sea  level,  could 
be  released  to  give  momentary  interruption  of  fuel  flow  with 
the  consequent  problem  of  restarting  the  engine,  and  (c)  the 
need  to  prime  a centrifugal  pump  rapidly  during  the  boost  phase. 
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Low  maneuverability j low  fuel  volatility,  and  high  available 
ram  pressure  at  high  altitudes  might  combine  in  some  applica- 
tions to  make  such  a provision  unnecessary.  With  hydrocarbon 
fuels  and  at  velocities  around  2000  ft/sec,  these  bladders  may 
be  made  from  nylon  cloth  coated  with  neoprene  rubber.  At  high- 
er velocities  special  silicone  materials  may  be  required  to 
prevent  burn-through  under  unfavorable  conditions.  Major  ma- 
terial problems  in  regard  to  fuel  bladders  may  arise  if  special 
liquid  fuels  are  used. 

The  heating  of  components,  resulting  from  immersion  of 
the  airframe  in  an  air  stream  at  high  stagnation  temperature, 
is  a general  problem  of  supersonic  flight.  In  the  ramjet  fuel 
system  this  problem  centers  in  the  fuel  tank.  The  temperature 
level  of  the  entire  fuel  system  in  most  designs  is  determined 
by  conditions  in  the  tank,  since  the  fuel  flows  from  the  tank 
through  the  remainder  of  the  system.  Recovery  factors  and  heat 
transfer  coefficients  for  the  calculation  of  expected  fuel  tem- 
perature may  be  found  in  Refs.[lj  and  [2].  In  view  of  the  high 
values  of  the  heat  transfer  coefficient  under  the  air  flow  con- 
ditions encountered  in  supersonic  flight , it  is  possible  for  a 
small  amount  of  thermal  insulation  of  the  tank  wall  to  effect  a 
large  change  in  heat  input  to  the  tank  fuel  for  short  and  medi- 
um ranges  of  flight.  Insulating  coatings  or  a double  fuel 
bladder  arrangement  offer  attractive  forms  for  introducing  such 
insulation.  In  some  long-range  designs  it  may  prove  to  be  eco- 
nomically feasible  to  make  use  of  the  fuel-turbine  exhaust  air 
to  keep  the  fuel  temperature  appreciably  below  air  stream  stag- 
nation temperature. 

The  major  problems  of  fuel-system  design  resulting  from 
air  stream  heating  are:  (a)  the  need  for  high  pressure  and 

consequent  high  stress  of  the  fuel  tank  to  prevent  boiling, 

(b)  the  danger  of  cavitation  of  a centrifugal  pump,  (c)  the 
need  for  special  materials  for  fuel  bladder  construction,  and 
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ticular considerations  of  a specific  application  will  str 
condition  the  choice  of  means  for  solving  these  prohle.^. 
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6.3  FUEL  PRESSURIZATION  AND  PUMPING 

The  need  to  inject  fuel  Into  a high  pressure  region  In 
the  ramjet  engine  plus  the  losses  Incurred  in  ducts,  fuel  con- 
trol, filter,  and  injection  nozzles  requires  that  the  fuel  sys- 
tem provide  means  for  pressurizing  the  fuel.  This  requires 
either  fuel-tank  pressurization  or  fuel  pumping  or  both.  Gas 
pressurization  of  the  fuel  tank  provides  the  simplest  means 
for  pressurizing  fuel  in  short-range  missiles  where  weight  and 
packaging  considerations  are  not  too  pressing,  for  instance, 
in  engine  test  vehicles.  For  optimum  designs  a pump  must  pro- 
vide the  major  share  of  pressure  at  low  altitude  in  order  that 
the  weight  of  the  fuel-tank  wall  will  not  be  excessive.  The 
use  of  a pump  introduces  the  problem  of  vapor  lock  caused  by 
fuel  boiling  or  the  release  of  dissolved  air.  To  solve  this 
problem,  some  means  of  tank  pressurization  must  be  provided  [3j. 
The  resulting  pressure  must  be  greater  than  the  total  of  the 
vapor  pressure  of  the  fuel  , the  solution  pressure  of  gases  dis- 
solved in  the  fuel,  the  pressure  drops  in  the  ducting  to  the 
fuel  pump  inlet , and  the  pressure  needed  to  avoid  cavitation 
at  the  pump  inlet.  For  lew  volatility  fuels  (kerosene,  for 
example)  pressurization  by  use  of  the  free  stream  Impact  pres- 
sure may  provide  a simple  system  usable  up  to  about  30,000  feet 
or  even  higher  if  special  procedures  can  be  used  to  assure  that 
the  quantity  of  dissolved  air  is  appreciably  below  its  normal 
storage  value.  Higher  altitude  operation  requires  the  use  of 
a more  complicated  tank-pressurization  system.  Systems  based 
on  the  use  of  stored  gas,  vapor  pressure  of  stored  liquids, 
and  an  air  pump  driven  by  the  fuel  pump  prime  mover  have  all 
been  studied  [4,5,6].  The  use  of  an  air  pump  should  provide 
the  best  system  for  extended  range.  For  shorter  ranges  the 
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stored-gas  system  is  competitive  with  the  air  pump.  The  system 
based  on  the  use  of  a volatile  liquid  is  unattractive  in  view 
of  the  heat  exchange  required  and  the  narrow  tolerance  with  re- 
spect to  missile  storage  temperature. 

Figure  6.3-1  shows  a fuel  tank  pressurization  system 
based  on  the  use  of  stored  gas  or  dlf fuser-duct  impact  pressure, 
whichever  is  the  higher.  This  arrangement  provides  adequate 
pressurization  regardless  of  the  flight  path.  The  stored  nitro- 
gen is  sufficient  to  permit  trajectories  which  terminate  at  high 
altitudes.  The  use  of  diffuser-duct  pressure  provides  ample 
pressure  for  trajectories  which  terminate  at  low  altitudes  with- 
out requiring  nitrogen  storage  for  other  than  high  altitude  needs. 
In  the  early  part  of  flight,  tank  pressure  is  control] ed  to  a 
fixed  value  above  free  stream  impact  pressure.  This  acts  to  prime 
the  pump  during  the  boost  phase. 

Bleeding  a portion  of  the  high  pressure  duct  air  and  dis- 
charging it  into  the  ambient  pressure  freestream  is  the  most 
readily  available  source  of  power  for  the  ramjet  engine  fuel 
pump.  The  most  compact  device  available  for  converting  this 
potential  power  into  increased  fuel  pressure  when  the  fuel  flow 
rate  is  high  is  a combined  single-stage  air  turbine  and  centrif- 
ugal pump  mounted  on  the  same  shaft.  Characteristic  curves, 
showing  efficiency  and  pump-pressure  rise  as  functions  of  fuel 
flow,  of  such  a unit,  designed  by  the  Bendlx  Aviation  Corpora- 
tion for  use  in  a Bumblebee  missile  are  shown  in  Fig.  6.3-2. 

This  unit,  designed  in  1951,  weighs  9.25  pounds  and  has  an  out- 
er casting  diameter  of  seven  inches  and  a thickness  of  five 
inches.  In  general  the  design  follows  normal  engineering  prac- 
tice. Features  requiring  special  attention  in  design  of  this 
unit  include  an  adequate  low-net  positive-suction  head  to  avoid 
cavitation  for  the  inlet  pressures  available,  a shaft  seal  be- 
tween turbine  and  pump,  and  sufficient  strength  and  internal 
clearance  to  permit  efficient  operation  when  the  unit  is  sub- 
jected to  gyroscopic  torques  resulting  f X*05T1  C4.  radially  mounted 
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Fig.  6. 3-2  (a)  OVER-ALL  EFFICIENCY  OF  TALOS  FUEL  PUMP 


Fig.  6.3-2(b) 


PUMP-PRESSURE 
OF  TALOS 


RISE  AS  FUNCTION  OF  FUEL  FLOW 
FUEL  PUMP 
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shaft  in  a missile  rolling  at  instantaneous  rates  as  high  as 
three  revolutions  per  second.  Some  economy  in  bearing  design 
is  possible  in  missile  applications  because  of  the  short  life- 
time of  approximately  five  hours  maximum  (including  all  testing) 
While  this  unit  represents  an  adequate  ramjet  fuel-pump- 
ing system,  it  must  be  recognized  that  electrical  and  hydraulic 
power  are  also  needed  in  a missile.  Since  an  air  turbine  also 

provides  an  efficient  power  source  for  these  needs,  the  most 

economic  power  source  would  be  one  turbine  with  two  pumps  and 

a generator  to  supply  the  required  outputs.  Such  a power  sys- 

tem has  not  appeared  practical  for  the  high-maneuverabi7.ity 
Bumblebee  missiles.  The  requirement  for  stable  electrical  pow- 
er during  boost  and  the  great  variability  of  the  hydraulic  duty 
cycle  make  Independent  power  supplies  the  more  attractive  choice 
In  general,  the  degree  to  which  missile  power  supplies  can  be 
integrated  must  be  decided  in  the  light  of  the  whole  missile 
design,  with  fuel-system  requirements  representing  only  one  of 
several  considerations. 
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6.4  FUEL  DISTRIBUTION 

The  ramjet  fuel  Injector  represents  a point  of  over- 
lapping interest  to  both  the  fuel-system  and  combustor  engi- 
neer. The  discussion  in  this  section  shall  be  confined  to  the 
requirements  for  securing  an  equal  flow  of  liquid  fuel  from  a 
number  of  discreet  injection  points.  A solution  to  this  prob- 
lem requires  tiiai  tho  distribution  of  fuel  to  the  injection 
points  be  kept  within  a given  tolerance  in  the  presence  of  a 
number  of  upsetting  factors  without  making  excessive  demands 
on  the  fuel  pump  or  the  fuel-pressurization  system.  In  the 
Bumblebee  program,  injection  design  is  generally  aimed  kt  CLJlX 
over-all  flow  tolerance  at  a single  injection  point  of  ±20  per 
cent  of  the  average  value  for  the  injector.  No  extensive  test- 
ing program  has  been  carried  out  to  establish  this  tolerance, 
but  a number  of  injectors  designed  on  this  basis  have  proved 
adequate  in  both  static  and  flight  tests.  Upsetting  factors 
Include  the  evolution  of  dissolved  gas  vapor  because  of  re- 
duced pressure  or  heating  and  the  effect  of  lateral  accelera- 
tion due  to  maneuver  on  fuel  flow  from  injection  points  situ- 
ated differently  in  this  force  field. 

Evolution  of  gas  vapor  in  the  injector  may  result,  in 
an  extreme  case,  in  violent  spurting  of  the  fuel  or,  if  the 
evolution  is  slow,  in  the  entrainment  of  a number  of  small 
bubbles  in  the  fuel  lines.  The  latter  case  uaiA  gerous  be- 

cause it  enhances  the  effect  of  lateral  acceleration  and  makes 
the  fuel  flow  responsive  to  pressure  in  the  region  of  the  in- 
jector. This  pressure  is  controlled  by  the  rate  of  burning  at 
the  combustor  and  is  consequently  a function  of  fuel  flow. 
Therefore,  the  mechanism  for  an  unstable  oscillation  is  present 
once  the  volume  of  entrained  bubbles  becomes  sufficiently  large. 
Even  without  entrained  bubbles,  fuel  distribution  may  be  seri- 
ously affected  if  pressure  developed  in  the  fuel  lines  by  lateral 
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maneuver  is  comparable  to  the  loss  of  fuel  pressure  which  oc- 
curs between  the  point  of  division  of  flow  to  the  Injection 

points  and  the  release  of  the  fuel  into  the  air  stream. 

The  Talos  missile  uses  a kerose'  -type  fuel  to  permit 
adequate  vaporization  In  the  combustor  while  maintaining  a 
low  vapor  pressure  in  the  injector.  Fuel  atomization  is  ob- 
tained from  the  effects  of  air  blast  when  the  fuel  is  released 
at  a low  velocity  into  the  high  speed  air  stream.  Fuel  flow 
over  a range  of  about  forty  to  one  must  be  handled  by  this  in- 
jector. The  main  fuel  is  Injected  through  sixteen  low  pressure 

spring-loaded  nozzles  which  are  fed  from  a central  distribution 
valve  through  individual  tubes.  The  nozzles  serve  to  maintain 
pressure  in  these  tubes  at  a level  which  prevents  the  formation 
of  bubbles.  The  central  distributor  valve  consists  of  a pair 
of  close  fitting,  hollow  cylinders  into  which  sixteen  matched 
holes  have  been  radially  drilled.  The  inner  cylinder  is  spring 
loaded  and  is  free  to  move  axially.  Fuel  pressure  acting  against 
this  load  results  in  simultaneous  opening  of  the  matched  holes 
and  equality  of  flow  to  all  points  of  injection  in  spite  of  poor 
matching  of  the  individual  spring-loaded  nozzles  or  lateral  ma- 
neuver of  the  missile. 

Since  the  pilot  Injector  releases  the  fuel  into  a region 
of  low  air  velocity,  the  nozzle  is  required  to  atomize  the  fuel. 
Fuel  flow  is  over  a range  of  ten  to  one  in  the  pilot-fuel  sys- 
tem. The  pilot  injector  consists  of  sixteen  matched  spring- 
loaded  nozzles  fed  from  a manifold.  These  nozzles  have  a line- 
ar relationship  of  flow  to  pressure  drop  and  are  set  to  give  an 
adequate  pressure  to  a^'old  bubbling  at  the  low  flow  condition. 

A filter  in  the  fuel  system  immediately  downstream  of  the  pump 
serves  to  protect  both  nozzles  and  fuel  controls  from  foreign 
materials  which  may  have  gotten  into  the  fuel. 
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6.5  FUEL  PLOW  CONTROL 

In  order  to  produce  the  desired  missile-flight  perform- 
ance the  ramjet  fuel  control  must  make  proper  use  of  the  thrust 
capabilities  of  the  ramjet  engine.  The  fuel  flow  must  be  con- 
trolled in  order  to  secure  engine  operation  within  a desired 
regime  over  the  desired  range  of  missile-flight  conditions  and 
to  produce  the  thrust  necessary  to  accomplish  the  missile-flight 
objective.  The  objective  of  this  section  is  not  a detailed 
analysis  of  the  multi-variable  problem  of  missile  design  optimi- 
zation of  which  the  fuel-control  requirements  are  only  one  as- 
pect. Only  the  techniques  used  to  conform  to  a particular  set 
of  requirements  are  discussed. 

Ramjet  fuel-control  requirements  are  generally  related 
to  one  of  two  sets  of  missile  requirements,  either  the  short- 
range  antiaircraft  missile  or  the  long-range  bombardment  mis- 
sile. The  short-range  missile  is  characterized  by  a short- 
flight  duration,  hlgh-acceleratlon  boost,  high  maneuverability 
with  accompanying  rapid  variations  of  drag,  and  a wide  range  of 
possible  flight  paths.  Thrust  rather  than  efficiency  is  the 
prime  consideration,  with  a small  fuel  consumption  (relative  to 
total  missile  weight).  The  long-range  missile  will  probably 
have  a lower  acceleration  requiring  a longer  duration  of  boost, 
low  maneuverability,  a predetermined  flight  path,  high  fuel  to 
total  missile  weight  ratio,  and  high  engine  efficiency. 

The  closed-loop  type  of  ramjet  engine  fuel-air  mixture 
control  seems  to  prevail  in  engines  both  in  use  or  under  de- 
velopment today  for  the  control  of  missile-flight  performance 
or  the  attainment  of  a desired  engine  operating  condition.  The 
term  "closed  loop"  means,  briefly,  that  any  variation  in  a con- 
trolled quantity,  such  as  flight  Mach  number,  will  cause  a 
change  in  the  controlling  quantity,  such  as  fuel-air  mixture. 
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and  this  latter  change  In  turn  produces  a further  variation  In 
the  controlled  quantity,  thus  forming  a "closed  loop".  Wide 
variation  exists  In  the  choice  of  means  for  determining  and 
specific  mechanisms  for  attaining  the  desired  engine  operation 
and  flight  performance. 

The  fuel  controls  used  In  Bimblebee  ramjet  engines 
(short-range  missile)  obtain  their  sense  of  engine  Inlet  air- 
flow parameters  from  the  measurement  of  missile  flight  varia- 
bles. The  desired  fuel  flow  (or  the  limits  of  a range  of  de- 
sired fuel  flow)  Is  derived  from  these  measurements.  The  re- 
lationship between  desired  fuel  flow  and  the  missile  flight 
variables  Is  determined  by  ground  tests.  The  fuel-flow  con- 
trol measures  the  flow  of  fuel  and  compares  this  with  the  de- 
rived value  of  required  fuel.  A sense  of  difference  between 
desired  and  measured  values  of  fuel  flow  serves  to  activate  a 
fuel-flow  controlling  mechanism  (a  throttle  in  the  fuel  line 
or  in  the  turbine-pump  air  line)  to  change  the  fuel  flow  In 
the  direction  which  will  reduce  this  difference.  No  direct 
measurement  Is  made  of  the  engine  reaction  to  the  fuel  flow. 

The  basic  engine-control  system  may  be  divided  Into 
three  parts:  the  measurement  of  flight  variables,  the  deri- 

vation of  a sense  of  desired  fuel  flow  from  these  variables, 
and  the  use  of  a feedback  fuel-flow  control  device  to  attain 
this  desired  fuel  flow.  Since  the  second  of  these  is  the 
means  for  satisfying  the  engine  requirements.  It  will  be  dis- 
cussed first  In  relation  to  the  simple  properties  of  the  ram- 
jet engine. 


Mlaitmie.  Control 

Several  ramjet  engines  (including  the  Bumblebee  ramjet 
engine)  employ  a fuel-control  system  In  which  a sense  of  the 
engine  Inlet  air-flow  parameters  Is  obtained  from  measurement 
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of  missile-flight  variables.  This  class  of  fuel  coatrols  is 
discussed  in  this  section.  The  following  equation  serves  to 
illustrate  the  principles  upon  which  this  class  of  fuel  con- 
trols is  based  [7]. 


m 


0S  = 


P2*2 


(6. 5-1) 


is  the  coefficient  of  burner  drag;  the  numerical  subscript 
refers  to  the  station  indicated  on  the  ramjet-engine  schematic 
diagram  shown  in  Fig.  6.5-1.  The  quantity  </>  is  a function  of 
Mach  number  and  is  the  thrust  correction  for  the  effect  of  the 
exit  nozzle.  This  equation  indicates  that  the  stream  thrust 
at  the  combustion-chamber  exit  is  equal  to  the  difference  be- 
tween the  stream  thrust  at  the  diffuser  exit  (Station  2)  and 
the  burner  drag. 

In  many  ramjet  applications,  in  particular  if  the  dif- 
fuser is  cf  the  normal  shock  type  and  high  thrust  is  a primary 
need,  the  fuel-flow  control  requirements  are  met  if  the  ratio 
of  engine-air  flow  to  fuel  flow  is  made  constant.  This  may  be 
accomplished  if  the  fuel  flow  (m^)  is  controlled  in  proportion 
to  the  absolute  static  pressure  immediately  ahead  of  the  com- 
bustor or  in  proportion  to  some  more  convenient  pressure  com- 
parable in  magnitude  to  that  pressure.  In  practice,  the  burner- 
drag  coefficient  is  nearly  equal  to  2.  If  is  assumed  to  be 

2,  and  if  m^  is  proportional  to  p^,  then  Eq.  (6.5-1)  reduces  to 


m 


f 


m 
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(6.5-2) 


where  K is  a proportionality  constant. 
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Since,  for  a given  fuel  and  combustor,  S is  strongly 
dependent  on  the  fuel  to  air  ratio  (but  only  weakly  dependent 
on  ambient  atmospheric  conditions  and  flight  Mach  number  over 
a considerable  range) , this  expression  effectively  relates  the 
fuel  to  air  ratio  to  the  value  of  K chosen  for  the  control 
mechanism  (a  principle  of  fuel  control  originally  proposed  by 
the  Esso  Laboratories  [8]).  Bendix  fuel  controls  for  Bumblebee 
missiles  with  normal  shock  diffusers  make  use  of  a variant  of 
this  principle  in  which  free  stream  pitot  pressure  is  used  in 
place  of  For  spillover  conditions  (normal  shock  ahead  of 

diffuser  entrance)  these  two  pressures  differ  by  the  diffuser 
losses  which  are  nearly  proportional  to  free  stream  pitot  pres- 
sure and  by  the  dynamic  pressure  in  the  region  ahead  of  the 
combustor  which  is  a small  quantity  at  the  maximum  thrust  op- 
erating point.  Deviations  of  from  the  value  2,  necessary 

to  establish  Eq.  (6.5-2),  only  act  to  produce  small  effects 
generally  not  important  to  the  control  accuracy  required  for 
shorter-range  missiles  (±5  per  cent  or  more  for  Bumblebee 
missiles) . 

If  the  coefficient  of  burner  drag  in  Eq,  (6.5-1)  is 
assumed,  as  previously,  to  be  2,  then  the  mass  airflow  is 


m 

a 


^2^2 

0S 


(6.5-3) 


Replacing  by  the  ram  pressure  p,p , as  previously  indicated 
for  the  Bendix  fuel  controls,  the  expression  for  mass  airflow 
reduces  to 

P»j» 

m_  t; 
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If  both  sides  of  this  expression  are  multiplied  by 
obtains  the  expression  for  required  fuel  flow, 


Since  S is  primarily  dependent  on  air  to  fuel  ratio,  the  fuel 
flow  required  for  constant  air  to  fuel  ratio  is  m^'^p^p.  This 
proportionality  is  designated  as  the  fue"*  ”'etering  function. 

An  alternate  form  of  expression  for  this  fuel  metering 
function  is 


m 


f 


(6.5-4) 


I 


This  modified  form  has  been  used  as  the  basis  for  Bumblebee 
fuel  controls  for  two  reasons.  In  the  first  place,  a device 
for  realizing  the  first  half  of  this  function  was  in  existence 
very  early  in  the  program;  secondly,  the  form  specified  by 
Eq.  (6,5-4)  allows  greater  flexibility,  since  it  provides  for 
two-variable  control  rather  than  just  one  if  the  function 


p,j,  were  used  directly. 


The  first  half  — 7=  of  this  fuel 


metering  function  is  controlled  by  means  of  the  air-piston  (1) 
shown  in  the  Bendix  fuel  meter  schematic  diagram,  Fig.  6.5-2; 
the  second  half  \/'p“  represents  the  contoured  altitude 
valve  (4) . 


From  this  figure,  it  may  be  seen  that  when  the  Mach 
number  control  valve  (7)  is  closed  (rich  limit  operation)  one 
side  of  the  air-piston  is  subjected  to  atmospheric  pressure 
and  the  other  side  to  a higher  pressure  derived  from  ram  pres- 
sure. The  force  on  the  air-piston  caused  by  this  pressure  dif- 
ferential is  transmitted  through  a force  pin  to  a fuel-piston 
(2)  which  exerts  an  oppositely-directed  force  on  the  force  pin. 
This  is  caused  by  the  differential  between  the  unmetered  and 
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Fig.  6.5-2  SCHEMATIC  DIAGRAM  OF  MODEL  BB-5  FUEL  METER 


CONFIDENTIAL 


metered  fuel  pressures  (pressure  drop  across  the  altitude  valve) 
These  forces  are  in  balance  when  the  ratio  of  the  air-piston  AP 
to  the  fuel-piston  AP  is  equal  to  the  ratio  of  fuel-piston  area 
to  air-piston  area.  A change  in  the  air-piston  Ap  will  then 
cause  a force  unbalance  which  tends  to  produce  a movement  of  the 
poppet  valve  (3)  which  controls  the  fuel  flow.  As  a result  of 
the  changed  fuel  flow,  the  fuel  metering  pressure  differential 
either  increases  or  decreases  until  a new  force  balance  is 
achieved.  Since  the  square  of  the  fuel  flow  is  proportional  to 
the  fuel-piston  AP  (at  constant  altitude)  which  in  turn  is  pro- 
portional to  air-piston  AP,  it  is  evident  that  this  fuel  meter 
will  maintain  fuel  flow  in  proportion  to  the  square  root  of  the 
air-piston  differential  pressure. 

To  fulfill  the  first  half  of  the  condition  specified 
above  [Eq.  (6.5-4)] , the  air-piston  differential  pressure  must 


therefore  be  proportional  to 


El_ 


This  is  done  by  placing  two 


restrictions,  (12)  and  (13),  in  series  in  the  ram  tube.  The 
up-stream  restriction  (12)  is  under  sonic  conditions,  while  the 
pressure  drop  across  the  downstream  restriction  (13)  is  equal 
to  the  air-piston  Ap.  The  mass-air  flow  (m  ) through  (12) 
is  then 


P ^ 
^o  o 


(6.5-5) 


Assuming  further  that  the  pressure  in  the  region  between  the 
restrictions  is  only  slightly  greater  than  atmospheric  so  that 
compressibility  of  the  air  need  not  be  considered,  the  pressure 
drop  across  the  downstream  restriction  (13)  is 


since 


2 


then 

(m^  )^  (m^  )^ 

'’.8  -7^2 
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In  addition,  from  Eq.  (6,5-5), 


Therefore 


(6. 5-6) 


It  is  evident,  then,  that  the  application  of  this  pressure  dif- 
ferential across  the  air  piston  will  make  it  possible  to 

maintain  a constant  fuel-air  ratio  under  spillover  flight 
conditions. 

The  assumption  concerning  the  incompressibility  of  the 
air  in  the  region  between  the  restrictions  implies,  in  a strict 
sense,  that  the  flow  velocity  in  this  region  must  be  zero.  If 
this  were  the  case,  the  pressure  drop  across  the  downstream  re- 
striction would  be  zero,  thus  invalidating  this  method.  This 
difficulty  is  overcome  by  choosing  the  size  of  the  downstream 
restriction  so  as  to  compromise  between  the  error  caused  by 
compressibility  and  a low  value  of  pressure  drop  across  the 
restriction. 

The  second  part  fuel  metering  function  speci- 

fied by  Eq.  (6,5-4)  is  controlled  by  the  contoured  altitude 
valve  (4)  in  series  with  the  pressure  regulating  poppet  valve 
(3).  The  positioning  of  this  altitude  valve  is  accomplished 
through  the  use  of  a servomechanism  pilot  valve  in  accord  with 
changes  in  atmospheric  pressure  sensed  by  the  evacuated  bellows 
(5).  By  controlling  the  orifice  area  of  the  altitude  valve  so 
that  it  will  vary  in  proportion  to  the  square  root  of  atmospher- 
ic pressure,  the  fuel  flow  as  determined  by  the  first  half  of 
the  fuel  metering  function  is  modified  in  accord  with  the  sec- 
ond half  of  the  function  to  produce  a constant  air-fuel  ratio. 
The  proportionality  constant  of  Eq.  (6.5-4)  is  controlled  by  the 
choice  of  the  area  of  the  contoured  altitude  valve,  the  ratio  of 
the  areas  of  the  fuel  and  air  pistons,  and  the  level  of  the  air- 
piston  differential  pressure, 
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The  preceding  discussion  indicates  the  simple  general 
approach  to  the  ramjet  fuel-control  problem  adopted  in  the 
Bumblebee  program.  Adaptation  of  the  control  mechanisms  de- 
veloped in  the  early  stages  of  the  Talos  missile  program  in- 
volved a final  step  wherein  the  simple  devices,  developed  to 
conform  to  a simple  representation  of  the  ramjet  engine,  were 
corrected  to  fit  the  needs  of  the  engine  as  determined  by 
, ground  testing.  This  process  involved  principally  the  use  of 
f a mixture  ratio  varying  as  a function  of  altitude.  Major 

factors  which  appear  in  the  final  engine  but  were  not  consid- 
ered in  the  simplified  analysis  are  variations  of  burning  ef- 
ficiency with  presr.nre  and  air  temperature.  Judgment  in  the 
balance  between  missile  thrust  and  range  capability  in  arriv- 
ing at  a desired  rich  limit  setting,  and  the  split-up  of  fuel 
flow  between  the  pilot  and  hiain  burner  in  the  dual  fuel  sys- 
tem. The  mechanisms  developed  have  sufficient  flexibility  to 
make  this  final  adjustment  to  the  engine. 

In  addition  to  controls  of  the  type  used  in  the  Bumblebee 
program  or  alternate  mechanizations  of  these  same  principles  of 
control,  fundamentally  different  approaches  to  the  ramjet  fuel- 
control  problem  are  being  studied.  One  such  approach  consists 
of  taking  the  maximum  diffuser  pressure  as  a criterion  for  a 
maximum  thrust  operating  point.  The  United  Aircraft  Corporation 
developed  a control  of  this  type  for  the  Meteor  program  [9], 

This  type  of  control  offers  a simple  means  for  securing  maximum 
engine  thrust  independent  of  engine  design  to  a first  approxima- 
tion; thus,  it  holds  the  possibility  of  a universally  adaptable 
mechanism  for  engines  where  thrust  is  of  paramount  importance. 
Several  factors  act  to  limit  the  adaptability  of  such  a control. 
Three  of  these  are  listed  below: 

1.  High  thrust  up  to  the  point  where  fuel  consumption 
is  excessive  for  unit  increase  of  thrust  will  usu- 
ally be  more  desirable  than  peak  thrust. 
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2.  Pressure  may  not  maximize  in  some  acceptable  engine 
designs  since  an  increase  in  fuel  flow  may  generate 
an  increase  in  diffuser  pressure  up  to  a point 
where  diffuser  instability  brings  about  a discon- 
tinuous drop  in  diffuser  pressure. 

3.  Universal  applicability  may  be  seriously  compro- 
mised by  the  need  for  rapid  response  in  such  a con- 
trol. If  the  dynamic  properties  of  the  relationship 
between  fue?.,  flow  and  engine  thrust  are  a signifi- 
cant consideration  in  the  stability  of  the  control 

then  universal  use  is  not  possible  and  the  control  y 

must  be  matched  to  the  engine  in  full-scale  tests, 

In  general,  this  type  of  control  should  be  given  consid- 
eration for  its  promise  of  simplicity  of  mechanism  for  cases 
where  it  is  applicable.  Some  degree  of  flexibility  in  the 
mechanism  can  overcome,  In  a large  part,  the  objections  raised 
above. 

Another  noteworthy  principle  of  fuel  control  is  the  con- 
trol of  the  position  of  the  normal  shock  in  the  diffuser,  or 
more  generally,  the  control  of  diffuser  operating  regime  by  di- 
rect measurement.  While  no  serious  effort  has  thus  far  been 
made  to  develop  such  a control,  some  thought  has  been  given  to 
devices  applicable  to  this  purpose  [lO],  This  control  would 
find  its  application  in  long-range  vehicles  where  highly  opti- 
mized diffuser  design  and  the  need  for  most  efficient  use  of 

■‘j 

the  engine  would  require  that  heat  release  be  adjusted  to  main- 
tain the  diffuser  at  its  most  efficient  operating  point.  A con- 
trol system  where  the  rate  of  climb  is  used  to  control  flight 
at  design  Mach  number  and  a shock-position  control  is  used  to 
adjust  fuel  flow  for  most  efficient  engine  operation,  should 
result  in  efficient  flight  of  a long-range  vehicle. 

A third  approach  to  the  fuel-control  problem  is  based  on 
the  direct  measurement  of  air  flow  in  the  engine  air  duct. 
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Pitot  static  tubes,  hot  wire  anemometers  and  spinning  propel- 
lers are  among  the  means  suggested  for  securing  such  measure- 
ment. Generally  this  approach  suffers  from  the  fact  that  a 
single  representative  point  of  measurement  is  not  available 
for  the  range  of  engine  operating  conditions.  The  alternative 
of  using  a number  of  points  of  measurement  significantly  in- 
creases the  complexity  of  the  required  equipment , making  this 
approach  appear  unattractive  for  most  applications. 
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6.6  MISSILE  FLIGHT  CONTROL 


In  addition  to  fuel-mixture  control,  it  is  also  usually 
necessary  that  the  fuel  control  provide  means  for  maintaining 
a desired  missile  flight  speed.  This  section  presents  the 
modifications  in  the  basic  Bumblebee  fuel-metering  system  which 
have  been  made  in  order  to  achieve  missile  flight  control. 

In  this  category,  the  first  additional  requirement  which 
has  been  placed  upon  the  system  is  that  the  flight  Mach  number 
be  maintained  donstant.  To  do  this,  a Mach  number  sensing  unit, 
shown  in  Fig.  6.5-2,  is  included.  The  general  function  of  this 
unit  is  to  maintain  the  thrust  of  the  missile  equal  to  the  mis- 
sile drag  at  the  required  Mach  number  by  controlling  the  fuel- 
air  ratio. 

The  essential  element  of  tho  Mach  number  sensing  unit 
is  an  evacuated  double-bellows  assembly  which  has  one  fixed 
end;  the  other  (free)  end  is  connected  to  the  balanced  air- 
piston  by-pass  valve  (7)  . The  larger  bellows  is  subjected  to 
atmospheric  pressure,  the  smaller  bellows  to  ram  pressure;  the 
area  ratio  of  the  two  bellows  being  equal  to  the  ratio  of  ram 
pressure  to  atmospheric  pressure  at  the  desired  limiting  Mach 
number.  With  such  an  arrangement,  the  position  of  the  by-pass 
valve  remains  fixed  regardless  of  altitude  as  long  as  the  de- 
sign Mach  number  is  maintained  as  the  ratio  of  ram  pressure  to 
atmospheric  pressure  is  constant  for  a given  Mach  number.  Any 
tendency  for  the  Mach  number  to  increase  above  the  design  val- 
ue causes  the  by-pass  valve  to  open.  As  a result  the  regulated 
ram  pressure  is  bled  down  and  the  fuel-air  ratio  is  decreased. 

By  properly  selecting  bleeds  at  (9)  and  (10) , it  is  pos- 
sible for  the  Mach  number  sensing  unit  to  sense  a higher  Mach 
number  t.ian  the  design  value.  The  pressure  in  the  small  bel- 
lows consequently  reaches  a value  less  than  full  ram  pressure 
at  the  design  Mach  number,  thus  rich  limit  flow  conditions  are 
maintained  until  a higher  Mach  number  is  reached. 
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Lean  and  rich  air-fuel  ratio  limits  are  controlled 
through  the  proper  use  of  bleeds,  the  lean  limit  through  bleed 
(8) , the  rich  limit  through  a manually  adjustable  bleed  (11) 
in  series  with  the  ram  bleed  (12). 

The  operation  of  the  Mach  number  sensing  unit  is  based 
upon  the  fact  that  the  ratio  of  ram  to  static  pressure  is 
fundamentally  a function  of  Mach  number.  It  is  evident  that, 
if  the  pressure  ratio  applied  to  the  evacuated  double  bellows 
were  a function  of  velocity  rather  than  Mach  number,  this  unit 
could  function  as  a velocity-control  device. 

Mach  number,  and  therefore  ram  to  static  pressure  ratio, 
may  be  expressed  as  a function  of  velocity  and  stagnation  tem- 
perature. If  the  ram-static  pressure  ratio  can  be  modified  in 
such  a way  as  to  remove  its  dependence  upon  stagnation  tempera- 
ture at  the  desired  control  velocity,  then  a pressure  ratio 
which  is  a function  of  velocity  only  may  be  obtained. 

A velocity-control  system  based  upon  the  above  general 
principles  and  produced  by  Bendix  for  the  Talos  missile  is 
shown  in  Fig.  6.6-1,  A comparison  of  this  figure  and  Fig.  6.5-2 
shows  that  the  principal  modification  is  the  use  of  a bellows- 
powered  contoured  variable  bleed  which  reduces  the  ram  pressure 
before  it  is  applied  to  the  smaller  of  the  evacuated  double  bel- 
lows described  in  the  preceding  section.  The  motion  of  the  bel- 
lows which  powers  the  variable  bleed  is  proportional  to  the  dif- 
ferential pressure  across  the  bellows.  This  differential  pres- 
sure in  turn  is  the  output  of  a stagnation  temperature  pick-up 
unit,  described  in  a later  section  of  this  chapter.  The  bleed 
is  contoured  to  give  a relationship  between  stagnation  tempera- 
ture and  bleed  area  so  that  at  constant  velocity  there  is  no 
dependence  of  the  pressure  ratio  across  the  bleed  upon  stagna- 
tion temperature.  This  pressure  ratio  then  is  a function  of 
velocity  only  and  when  applied  to  the  evacuated  double  bellows 
makes  it  possible  for  the  latter  to  function  as  a velocity-con- 
trol device. 
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The  sensitivity  of  this  sensing  device  is  a function  of 
altitude,  decreasing  by  a factor  of  ten  in  going  from  sea  level 
to  60,000  feet.  This  is  due  to  the  fact  that  the  valve  posi- 
tion for  off-design  Mach  number  is  determined  by  the  interac- 
tion of  the  bellows  elasticity  and  the  unbalance  forces  on  the 
bellows,  the  latter  being  proportional  to  atmospheric  pressure 
at  a given  Mach  number. 

A device  which  has  been  designed  to  act  as  a sensitivity 
equalizer  is  included  in  the  velocity-control  schematic  diagram 
in  Fig.  S.o-1.  This  device  consists  of  a small  piston  whose 
resultant  force  is  applied  to  the  double  bellows.  One  side  of 
this  small  piston  is  subjected  to  high-side  air-piston  pressure 
in  such  a manner  as  to  act  in  the  same  direction  as  ram  pres- 
sure on  the  double  bellows.  The  pressure  on  the  other  side  of 
the  small  piston  is  created  by  bleeding  down  ram  pressure  to 
give  a pressure  midway  between  the  rich  and  lean  limit  values 
of  high-side  air-piston  pressure.  As  a result,  the  travel  of 
the  air-piston  by-pass  valve  is  prevented  from  becoming  exces- 
sive with  a given  velocity  overshoot  at  low  altitude:  thus  high 
altitude  sensitivity  may  be  increased  with  respect  to  what  it 
would  be  without  the  sensitivity  equalizer,  while  sea-level 
sensitivity  is  held  to  some  given  maximum  value  dictated  by 
control-stability  requirements. 

The  interrelation  of  the  various  components  discussed 
above  is  shown  in  the  schematic  diagram  of  the  Tales  propul- 
sion system  (Fig.  6.6-2). 

Since  the  fuel-flow  control  system  must  operate  in  the 
force  field  generated  by  the  maneuvers  and  longitudinal  ac- 
celerations of  the  missile,  care  must  be  exercised  in  the  ori- 
entation of  the  critical  moving  elements  of  the  system.  These 
elements  are  generally  oriented  with  the  direction  of  motion 
along  the  missile  axis  to  avoid  the  high  and  variable  lateral 
accelerations.  The  Mach  number  bellows  assembly  is  oriented 
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to  give  motion  under  positive  acceleration  equivalent  to  in- 
crease of  flight  Mach  number,  thus  creating  a degenerative 
feedback  in  the  Mach  number  control  loop. 
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6.7  MEASUREMENT  OF  CONTROL  VARIABLES 

Fuel  flow  control  needs  may  be  satisfied  if  the  fuel 
flow  is  controlled  in  proportion  either  to  the  absolute  static 
pressure  immediately  ahead  of  the  combustor  or  to  the  free 
stream  pitot  pressure.  It  is  also  necessary  to  use  ambient 
static  pressure  as  part  of  the  Jiach  number  control  system.  In 
addition,  velocity  control  requires  a knowledge  of  the  air- 
stream  temperature.  It  is  therefore  necessary  to  have  some 
means  of  measuring  fuel-flow  and  air-stream  pressures  and 

/ 

temperatui’e . 

The  measurement  of  static  pressure  is  most  easily  ac- 
complished by  using  some  form  of  pitot-static  tube  whereby 
static  pressure  is  measured  by  means  of  taps  in  the  sides  of  a 
pitot  tube.  Stagnation  pressure  is  measured  with  a pitot  tube 
by  means  of  an  orifice  at  its  nose.  In  the  case  of  a diagonal 
shock  diffuser  impact,  stagnation  pressure  may  be  determined 
through  an  opening  at  the  tip  of  the  diffuser  innerbody.  In 
any  case,  if  free  stream  static  pressure  and  impact  or  stagna- 
tion pressure  are  essential  quantities  in  the  fuel-control  sys-' 
tern,  then  a very  important  problem  is  the  effect  a variation  in 
the  missile  angle  of  attack  will  have  upon  such  pressure  meas- 
urements . 

^ Experimental  data  relating  to  this  effect  are  discussed 

in  Ref.[ll].  For  a pitot  tube  with  a hemispherical  head,  the 
stagnation  pressure  remains  essentially  unchanged  up  to  a four- 
degree  angle  of  attack;  at  a nine-degree  angle  of  attack  the 
decrease  is  still  less  than  two  per  cent  but  becomes  somewhat 
greater  at  higher  angles  of  attack.  In  addition,  the  general 
trend  of  the  decrease  appears  to  be  independent  of  Mach  number 
in  the  Uach  number  range  from  1.50  to  2.00.  It  is  interesting 
to  note  that  for  a pitot  tube  with  a conical  rather  than  a 
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hemispherical  head,  the  stagnation  pressure  does  not  fall  off 
at  higher  angles  and  for  practical  purposes  is  constant  over 
the  angle  of  attack  range  from  zero  to  ten  degrees.  For  the 
case  where  stagnation  pressure  is  measured  by  means  of  the  dif- 
fuser innerbody  opening,  a variation  in  angle  of  attack  in  the 
range  from  zero  to  ten  degrees  produces  no  measurable  effect. 

The  results  are  somewhat  different  for  the  static  pres- 
sure measurements.  Here,  as  one  might  expect,  the  static  pres- 
sure variation  with  angle  of  attack  for  side-taps  differs  con- 
siderably from  the  case  where  taps  are  located  on  the  top  and 
bottom  of  the  tube.  For  this  reason,  the  four  static  taps  are 
usually  manifolded  so  as  to  yield  an  average  pressure  around 
the  tube,  thereby  decreasing  the  sensitivity  to  angle  of  attack 
variation.  Experimental  data  for  a hemispherical-headed  tube 
with  manifolded  static  taps  indicate  less  than  a two-per- cent 
variation  in  static  pressure  at  a four-degree  angle  of  attack; 
however,  a pressure  fall-off  as  high  as  ten  to  twelve  per  cent 
is  possible  at  a ten-degree  angle  of  attack.  Practically, 
however,  this  problem  is  not  too  serious  since  ordinarily,  if 
the  missile  exceeds  a five-degree  angle  of  attack,  it  will  do 
so  only  for  relatively  short  periods,  such  as  when  executing 
a quick  maneuver  during  homing. 

An  essential  component  of  the  velocity-control  mecha- 
nism is  a variable-area  bleed  powered  by  a bellows  whose  move- 
ment is  proportional  to  the  pressure  differential  across  it. 
This  pressure  differential  in  turn  is  the  output  of  a tempera- 
ture pick-up  unit  and  is  essentially  proportional  to  stagnation 
temperature  and  independent  of  altitude  and  diffuser  pressure 
[ 12]  . This  temperature-sensing  device  is  shown  schematically 
in  Fig.  6.6-1  and  is  described  in  Ref. [13]. 

The  temperature  element  is  a bimetallic  strip,  located 
in  the  diffuser  air  stream  and  connected  by  means  of  a wire  to 
a check  valve  of  area  ”A".  The  temperature  element  exei cs  a 
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pull  F on  the  wire  which  is  opposed  by  a forne  due  to  the 

pressure  drop  across  the  valve.  By  providing  a small 

bleed  vented  to  a low  pressure  P. , the  check  valve  is  then 

able  to  meter  the  flow  and  thus  maintain  F - A(Pg  - Pj^)  . A 

change  in  the  absolute  level  of  P P or  P.  does  not  produce 

H H li 

any  noticeable  effect  upon  the  pressure  differential  P„  - P„ 

U M 

as  long  as  A(Pg  - Pj^)  is  greater  than  F.  Operation  of  this 
device  as  a constant  head  valve  for  a constant  temperature  is 
made  possible  by  keeping  the  bleed  to  low  pressure  small  and 
valve  travel  negligible.  Consequently,  when  a change  in  the 
measured  temperature  occurs,  the  force  F changes  and  produces 
in  turn  a change  in  the  pressure  differential  P„  - P„,.  The 
method  of  including  this  temperature  controlled  pressure  dif- 
ferential in  the  velocity  control  scheme  has  been  discussed. 

One  method  of  measuring  fuel  flow  is  by  means  of  a con- 
ventioral  orifice  meter  whereby  fuel-flow  rates  are  determined 
from  a knowledge  of  the  pressure  differential  across  a restric- 
tion in  the  flow  and  the  area  of  the  restriction.  The  relia- 
bility of  this  type  of  meter  depends  on  streamlined  flow  through 
the  meter.  This  is  a very  difficult  condition  in  missile  usage 
because  of  the  sharp  turns  in  the  fuel  ducts.  This  is  the  prin- 
cipal reason  why  orifice  or  venturi  meters  are  generally  not 
used  in  Bumblebee  missiles.  The  fuel-flow  measuring  function 
of  the  Bendix  fuel  controls  is  the  one  exception  to  this.  Here 
fuel  flow  is  determined  by  measuring  the  pressure  drop  across 
the  contoured  altitude  valve.  Special  devices  are  required  at 
both  the  upstream  and  downstream  point  of  measurement  to  secure 
a valid  pressure.  This  measurement  constitutes  the  most  criti- 
cal point  of  design  in  these  fuel  controls. 

The  measurement  of  fuel  flow,  as  practiced  in  the  Bumble- 
bee program,  has  been  accomplished  in  a highly  successful  man- 
ner by  means  of  a device  referred  to  as  a turbine  flowmeter,  de- 
veloped at  the  Physical  Science  Laboratory  of  the  New  Mexico 


- 35  - 

CONFIDENTIAL 


THif  OOCi'UllNT  CCMTAiNS  INfORIUTlCM  AT*fCTlNC  TMC  NATKXAL  OCFCNSC  OF  *HC  UNTTIO  $UTC$  WlTHM  TNt 
tfCANiK:.  OF  THt  CSFtOKAOe  CA<*$ . TITLC  l«.  U S C.  SECTIONS  7*0  AND  THE  TAANSMlSSlON  Oft 

THC  NrvitATiON  OF  ‘TS  rOTfTCNTS  IN  ANT  MANNCA  TO  AN  UNAUTHOAIZCO  FCN$0N  <S  P^OHi|lTCD  LAW 


CONFIDENTIAL 


College  of  Agriculture  and  Mechanic  Arts.  One  distinct  ad- 
vantage of  this  flowmeter  is  that  the  volume  rate  of  flow  is 
a linear  function  of  fre'^uency  over  a range  of  40  to  1.  The 
flowmeter  measures  volume  rates  of  flow  and  may  be  built  in 
different  sizes.  For  example,  both  the  pilot  and  main  flow- 
meters in  the  Talos  fuel  system  have  the  same  basic  design  but 
differ  principally  in  the  size  of  the  bore  and  thus  in  the 
"flow  versus  frequency"  characteristics. 

One  form  of  the  turbine  flowmeter  is  shown  in  Fig,  6.7-1 
and  is  discussed  in  Ref. [14].  Fuel  flows  through  the  meter 
housing  causing  a vaned  rotor  to  revolve.  The  rotor  axle  is 
mounted  on  jeweled  bearings  at  its  ends  and  is  suspended  in 
the  center  of  the  bore  through  the  housing,  parallel  to  the 
flow  direction.  The  volume  rate  of  flow  through  the  meter  de- 
termines the  rotational  frequency  of  the  rotor  shaft.  This 
frequency  is  measured  by  a beam  of  light  directed  perpendicu- 
lar to  the  axis  so  that  it  strikes  a section  of  the  axle  which 
has  been  milled  flat.  As  the  rotor  turns,  the  light  beam  to  a 
photocell  on  the  opposite  side  of  the  axle  is  interrupted  with 
a frequency  equal  to  the  rate  of  rotation.  A variation  of 
this  method  which  is  more  convenient  from  an  assembly  point  of 
view  is  to  use  the  reflected  beam  so  that  the  photocell  may  be 
located  on  the  same  side  of  the  housing  as  the  light  source. 

The  instrument  must  be  calibrated  before  it  is  used;  the  cali- 
bration curves  (volume  rate  of  flow  versus  frequency)  form 
straight  lines  passing  through  the  origin.  Factors  affecting 
the  slope  of  these  calibration  curves  are  the  diameter  6f  the 
bore,  the  shape  of  the  rotor  blades,  and  the  angle  between 
the  rotor  blades  and  the  axle. 
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Fig.  6.7-1  TURBINE  FLOW  METER 
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NOMENCLATURE 

} 

Symbol 

Def inition 

Unit 

A 

cross-sectional  area 

ft^ 

a 

sonic  velocity 

ft/sec 

^db 

burner  drag  coefficient  referred  to  Ag 

K 

proportionality  constant, 
Esso  fuel  control  function 

ft  /sec 

U 

Mach  number 

m 

a 

mass  air  flow  rate 

slugs/sec 

m^ 

mass  fuel  flow  rate 

slugs/sec 

i 

P 

static  pressure 

Ib/ft^ 

P'p 

ram  pressure 

Ib/ft^ 

S 

a 

air  specific  impulse 

sec 

T 

temperature 

°R 

V 

velocity 

ft/sec 

y 

ratio  of  specific  heats  of  air 

thrust  function 

P 

air  density 

slugs/f t^ 

Subscripts 

a 

upstream  restriction  in  ram  tube 

downstream  restriction  in  ram  tube 

o 

free  stream  conditions 

i 

2 

diffuser  exit 
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